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MANIPULATOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This 1s a continuation of International Application PCT/

JP2014/055203, with an 1nternational filing date of Feb. 25,
2014, which 1s hereby incorporated by reference herein 1n 1ts

entirety. This application claims the benefits of U.S. Provi-
sional Patent Application No. 61/769,979, filed on Feb. 27,
2013, and No. 61/770,556, filed on Feb. 28, 2013, the

contents of which are incorporated herein by reference.

TECHNICAL FIELD

The present mvention relates to manipulators.

BACKGROUND ART

In the related art, there 1s a known medical manipulator
that 1s equipped with an elongated insertion section insert-
able 1nto a body and that 1s used for treating the mside of the
body by remotely manipulating a surgical tool installed in
the 1nsertion section (for example, see Patent Literature 1).
The 1nsertion section of such a mampulator 1s provided with
a bendable portion for changing the orientation of a distal
end surface equipped with, for example, a camera and the
surgical tool.

Furthermore, in order to accurately control the bending
angle of the bendable portion, a decelerating mechanism 1s
used 1n a bending mechanism for bending the bendable
portion. Specifically, with this configuration, large rotational
motion ol a shaft generated at the proximal end of the
insertion section 1s converted into small linear motion by a
threaded shaft that rotates together with the shaft and by a
nut engaged with the threaded shaft. By utilizing this linear
motion, wires connected to the distal end of the insertion
section are pushed and pulled, thereby bending the bendable
portion.

CITATION LIST
Patent Literature

{PTL 1}
Japanese Unexamined Patent Application, Publication No.
2006-61176

SUMMARY OF INVENTION

A first aspect of the present invention 1s a manipulator
including an elongated main portion, a distal end portion
disposed at a distal end of the main portion, and a bendable
portion provided between the main portion and the distal end
portion; a plurality of linear members that are connected to
the distal end portion and that extend to the main portion via
the bendable portion; a power generator that generates
power; a plurality of power transmitters that are provided in
the main portion and that transmit, to proximal ends of the
linear members, the power generated by the power generator
as linear motion 1n a longitudinal direction of the main
portion; and a linear-member relaxing unit that relaxes the
plurality of linear members in which tension 1s generated
between the distal end portion and the power transmuitters by
being pushing and pulling of the linear members 1n the
longitudinal direction by the linear motion transmitted from
the power transmitters.
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A second aspect of the present invention 1s a manipulator
including an elongated main portion, a distal end portion

disposed at a distal end of the main portion, and a bendable
portion provided between the main portion and the distal end
portion; a plurality of linear members that are connected to
the distal end portion and that extend to the main portion via
the bendable portion; a plurality of pulling mechanisms
provided in the main portion and having connectors that are
connected to proximal ends of the linear members, drivers
that generate rotational motion, and power converters that
convert the rotational motion generated by the drivers nto
linear motion in a longitudinal direction and transmit the
linear motion to the connectors; and a combination changing
mechanism that changes a combination of the linear mem-
bers and the pulling mechanisms connected to the linear
members.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 illustrates the overall configuration of a surgical
mampulator system according to a first embodiment of the
present 1nvention.

FIG. 2 15 a perspective view 1llustrating the configuration
of a part of a distal end of a manipulator included 1n the
surgical manipulator system in FIG. 1.

FIG. 3A schematically illustrates a bendable portion 1n a
straightened state.

FIG. 3B schematically illustrates the bendable portion 1n
a bent state.

FIG. 4A 1llustrates the configuration of a bending mecha-
nism 1ncluded 1n the manipulator.

FIG. 4B 1s a diagram explaining the operation of the
bending mechanism 1n FIG. 4A.

FIG. SA 1s a diagram explaining the operation of a
linear-member relaxing umt included in the manipulator.

FIG. 5B 1s a diagram explaining the operation of the
linear-member relaxing umt included in the manipulator.

FIG. 6 1illustrates a modification of the linear-member
relaxing unit.

FIG. 7A illustrates another modification of the linear-
member relaxing unit.

FIG. 7B 1s a diagram explaining the operation of the
linear-member relaxing unit in FIG. 7A.

FIG. 8 illustrates another modification of the linear-
member relaxing unit.

FIG. 9 1s a block diagram 1illustrating the configuration of
a fault detector.

FIG. 10 1s a flowchart explaining the operation of the
surgical manipulator system equipped with the fault detector
in FIG. 9 when a pulling mechanism is faulty.

FIG. 11 includes a longitudinal sectional view (right side)
illustrating the configuration of a bending mechanism
included 1n the mampulator according to a second embodi-
ment of the present invention and a cross-sectional view (left
side) taken along line XI-XI.

FIG. 12 1s a tflowchart explaining the operation of the
surgical manipulator system when a pulling mechanism 1s
faulty.

FIG. 13 A 1llustrates how pulling mechanisms are moved
by a combination changing mechanmsm.

FIG. 13B illustrates how the pulling mechanisms are
moved by the combination changing mechanism.

FIG. 13C illustrates how the pulling mechanisms are
moved by the combination changing mechanism.

FIG. 14 includes a longitudinal sectional view (right side)
illustrating a modification of the pulling mechanisms and a
cross-sectional view (left side) taken along line VIII-VIII.
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FIG. 15A illustrates the configuration of a modification of
the combination changing mechanism, and includes a lon-

gitudinal sectional view (right side) illustrating how the
pulling mechanisms are moved by the combination changing,
mechanism and a cross-sectional view (left side) taken along,
line IXa-I1Xa.

FIG. 15B illustrates the configuration of the modification
of the combination changing mechanism, and includes a
longitudinal sectional view (right side) illustrating how the
pulling mechanisms are moved by the combination changing

mechanism and a cross-sectional view (leit side) taken along,
line IXb-IXb.

DESCRIPTION OF EMBODIMENTS

First Embodiment

A manipulator 1 and a surgical manipulator system 100
equipped with the same according to a first embodiment of
the present invention will be described below with reference
to the drawings.

FIG. 1 schematically illustrates the surgical manipulator
system 100 according to this embodiment. As shown 1n FIG.
1, the surgical manipulator system 100 includes the manipu-
lator 1 disposed 1n the vicinity of a bed 40 on which a patient
X lies down, a control device 60 connected to the manipu-
lator 1, and a manipulation device 80 used for iputting a
manipulation signal for the manipulator 1 to the control
device 60.

FI1G. 2 illustrates a part of a distal end of the manipulator
1 according to this embodiment. As shown 1n FIG. 2, a distal
end surface 2a of the manipulator 1 1s provided with a light
unit 24 that emits illumination light and a camera 25 that
acquires an 1image ol the mnside of a body, and the manipu-
lator 1 1s provided with a surgical tool 26 that 1s protrudable
and retractable from the distal end surface 2a. The surgical
tool 26 protruding from the distal end surface 2a 1s disposed
within the field of view of the camera 25. As will be
described later, the orientation of the distal end surface 2a of
the manipulator 1 can be changed by bending a bendable
portion 5 thereol, so that the image acquisition range of a
treatment site of the patient X can be arbitrarily changed.

The manipulation device 80 includes an input unit 81,
such as a joystick, manipulated by a surgeon Y and a display
unit 82 that displays the image acquired by the camera 25.

In accordance with an input from the mput unit 81, the
control device 60 outputs a command signal to each section
of the manipulator 1. Based on these command signals, the
protruding-retracting operation of the surgical tool 26, the
rotating operation of joints 26a thereof, and the bending
operation of the bendable portion 5 are controlled. As will be
described later, 1f the manipulator 1 1s faulty, the control
device 60 1s configured to control the entire surgical manipu-
lator system 100 in accordance with a preset program.

The surgeon Y can treat the inside of the body of the
patient X by remotely manipulating the surgical tool 26 and
the bendable portion 5 of the manipulator 1 via the input unit
81 of the manipulation device 80 while observing, on the
display unit 82, the image of the surgical tool 26 and the
inside of the body acquired by the camera 25.

Next, the manipulator 1 according to this embodiment
will be described in detail.

The manipulator 1 includes, for example, an elongated
insertion section 2 that 1s to be mnserted into the body of the
patient X from the mouth thereof. The insertion section 2
includes an elongated main portion 3, a distal end portion 4
disposed at the distal end of the main portion 3, and the
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4

bendable portion 5 that 1s disposed between the main portion
3 and the distal end portion 4 and that connects these
portions.

The main portion 3 1s a flexible portion that 1s bendable
in conformity to the tissue form within the body of the
patient X.

The distal end portion 4 1s a rigid, suiliciently compact
portion where, for example, the light unit 24, the camera 25,
and the surgical tool 26 described above are installed.

The bendable portion 5 bends 1n a direction that intersects
the longitudinal direction of the main portion 3 so as to
orient the distal end surface 2a 1n an arbitrary direction, as
described above. As shown 1n FIG. 3A, the bendable portion
5 includes a plurality of cylindrical joint rings 3Sa that are
arranged along a central axis (sometimes simply referred to
as “axis” hereinafter) A of the insertion section 2. The joint
rings Sa are connected to the another adjoining joint rings 3a
in a swingable manner about two axes that are orthogonal to
the axis A. Thus, the bendable portion 3 1s bendable 1n an
arbitrary direction, as shown 1n FIG. 3B. The configuration
of the bendable portion 5 i1s not limited to the structure that
uses the joint rings 5a (i.e., bendable pieces), and may
alternatively be, for example, a flexural mechanism based on
a multi-joint structure.

Referring to FIG. 4, as a bending mechanism that controls
the bending operation of the bendable portion 5, the manipu-
lator 1 includes wires (linear members) 6 whose distal ends
are connected to the distal end portion 4 and that extend 1n
the direction of the axis A to the main portion 3, and pulling
mechanisms 7 that are provided in the main portion 3 and
that pull the wires 6. The pulling mechanisms 7 each include
a flexible shaft 8 disposed along the axis A, a motor (power
generator) 9 provided at the proximal end of the shait 8, a
threaded shait (threaded shaft member) 10 that 1s coaxial
with the shait 8 and connects the shait 8 and the proximal
end of the corresponding wire 6, and a nut (nut member) 11
with which the threaded shait 10 1s engaged. The shaft 8 1s
expandable and contractible or has a suflicient length so that
the threaded shait 10 can advance and retract in the direction
of the axis A.

Each of the wires 6 may be composed of a rigid material
that can transmit motion at the proximal end thereof to the
distal end thereof. For example, metal or plastic 1s preferred.
Although the wires 6 are used as linear members 1n this
embodiment, the linear members are not limited to this form
and may alternatively be, for example, rods, tubes, or metal
coils.

Each motor 9 generates a rotational force that causes the
corresponding shait 8 to rotate about a central axis extending
in the longitudinal direction thereotf. When the shaift 8 rotates
in the forward or reverse direction, the corresponding
threaded shaft 10 rotates in the forward or reverse direction
together with the shaft 8. The nut 11 has four female screws
11a with which the four threaded shafts 10 are engaged,
respectively, and simultaneously supports the four threaded
shafts 10. Moreover, the nut 11 1s fitted within the main
portion 3 and 1s positionally set in the direction of the axis
A relative to the main portion 3 by the operation of a moving
mechamism 13 to be described later. The nut 11 transmits the
rotating threaded shafts 10 toward the distal end or the
proximal end of the main portion 3 in the direction of the
axis A. When the threaded shafts 10 advance toward the
distal end, the wires 6 pushed toward the distal end press the
distal end portion 4 toward the distal end. When the threaded
shafts 10 retract toward the proximal end, the wires 6 pulled
toward the proximal end pull the distal end portion 4 toward
the proximal end. Although this causes the shaits 8 to
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expand or contract or to become slack, the efiect this may
have on the bendable portion 5 1s negligible since the motors
9 and the nut 11 joined to the ends of the shafts 8 are fixed
to or positioned relative to the main portion 3.

As shown at the left side of FIG. 4A, four sets of wires 6
and pulling mechanisms 7 are provided and are spaced apart
from each other around a circumierence centered on the axis
A. In the other drawings, only one set or two sets of wires
6 and pulling mechanisms 7 1s/are illustrated to simplify the
drawings. Of the four wires 6, some of them are pushed out,
whereas the remaining wires are pulled, causing the bend-
able portion 5 to bend as shown 1n FIG. 4B. By adjusting the
amounts of pushing and pulling of the wires 6, the bending
angle of the bendable portion 5 can be controlled.

Furthermore, the mampulator 1 includes a wire relaxing
unit 12 that relaxes the wires 6 in which tension 1s generated
between the distal end portion 4 and the threaded shafts 10
due to actuation of the pulling mechanisms 7. The wire
relaxing unit 12 1s formed of the single nut (supporting
member) 11 that stmultaneously supports the four threaded
shafts 10, as described above, and the moving mechanism 13
that moves the nut 11 toward the distal end along the axis A.

The moving mechamism 13 includes a flexible shaft
(power converter) 14 disposed along the axis A, a motor
(rotational-force generator) 135 provided at the proximal end
of the shatt 14, a threaded shait (power converter) 16 that 1s
coaxial with the shait 14 and connects the shait 14 and the
nut 11, and a nut (power converter) 17 that 1s fixed to the
main portion 3 and 1s engaged with the threaded shait 16.
Similar to the pulling mechanisms 7, the moving mechanism
13 rotates the shaft 14 by utilizing a rotational force gener-
ated by the motor 15, converts this rotational motion into
linear motion in the direction of the axis A by means of the
threaded shaft 16 and the nut 17, and transmits the linear
motion to the nut 11. Consequently, the nut 11 1s moved in
the direction of the axis A.

The shatt 14, the motor 15, the threaded shaft 16, and the
nut 17 of the moving mechanism 13 are all provided
separately from the shaft 8, the motor 9, the threaded shaft
10, and the nut 11 of each pulling mechamism 7, such that the
moving mechanism 13 1s configured to operate indepen-
dently of the pulling mechanisms 7.

Next, the operation of the surgical manipulator system
100 equipped with the manipulator 1 having the above-
described configuration will be described.

In order to treat a treatment site of the patient X by using
the surgical manipulator system 100 according to this
embodiment, the surgeon Y {first actuates the manipulator 1
by mamipulating the mput unit 81 and adjusts the position
and the orientation of the distal end surface 2a by changing
the bending direction and the bending angle of the bendable
portion 5 so that the treatment site 1s set within the field of
view of the camera 25.

Subsequently, the surgeon Y manipulates the input unit 81
to cause the surgical tool 26 to protrude from the distal end
surface 2a so that the surgical tool 26 1s moved to the field
of view of the camera 25. The surgeon Y can ftreat the
treatment site by remotely manipulating the surgical tool 26
via the mput unit 81 while observing the positional relation-
ship between the treatment site and the surgical tool 26 1n the
image displayed on the display unit 82.

Referring to FIG. SA, 11, for example, the shait 8 of any
of the pulling mechanisms 7 breaks during the manipulation
of the manipulator 1 and the power from the corresponding
motor 9 1s not transmitted to the proximal end of the
corresponding wire 6, the bending angle of the bendable
portion 5 would not change 1n response to an mput manipu-
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lation performed on the input umt 81 by the surgeon Y, and
the field of view of the camera 25 displayed on the display
unmit 82 would not move properly. Therefore, the surgeon Y
can readily recognize a fault 1in the pulling mechanism 7.

In the configuration that drives the wires 6 by converting
relatively large rotational motion generated by the motors 9
into relatively small linear motion via the threaded shafts 10
and the nut 11, the wires 6 need to be linearly moved by a
sufliciently large force in order to rotate the threaded shafits
10 and the shaits 8 with the linear motion of the wires 6.
Specifically, even if a pressing force were applied to the
distal end portion 4 and the bendable portion 35 from the
tissues within the body, this pressing force 1s not enough to
move the wires 6 in the direction of the axis A and deform
the bendable portion 5, thus causing the bendable portion 5
to continue to maintain a certain shape against the tissue
form within the body.

Thus, the surgeon Y actuates the wire relaxing unit 12
alter determining that a pulling mechanism 7 i1s faulty.
Specifically, as shown 1n FIG. 5B, by actuating the motor 15,
the threaded shaft 16 1s moved toward the distal end, causing
the nut 11 to move toward the distal end. With the movement
of the nut 11 toward the distal end, the distance between the
distal end portion 4 and each threaded shaft 10 becomes
shorter than the length of the corresponding wire 6, whereby
all of the wires 6 become sufliciently relaxed at the same
time. In this state, the bendable portion 5 can be flexibly
deformed 1n accordance with the pressing force from the
tissues within the body. Therefore, the surgeon Y can
smoothly move and pull out the 1nsertion section 2 along the
tissue form within the body.

Accordingly, with this embodiment, when a pulling
mechanism 7 becomes faulty, the four wires 6 are simulta-
neously relaxed by the wire relaxing unit 12 that operates
independently of the pulling mechanisms 7, whereby the
bendable portion 5 can be set 1n a flexible state. This 1s
advantageous 1n that the surgeon Y can smoothly remove the
mampulator 1 from the body.

As an alternative to or in addition to the configuration of
this embodiment in which the wire relaxing unit 12 reduces
the distance between the distal end portion 4 and the
threaded shaits 10 by moving the nut 11 toward the distal
end, the distal end portion 4 may be moved toward the
proximal end.

Referring to FIG. 6, in this modification, the distal end of
the threaded shaft 16 1s connected to the joint ring 3a
disposed at the most proximal side of the bendable portion
5. The threaded shait 16 and the joint ring 5a at the most
proximal side are connected via a ball-shaped joint (not
shown) such that the rotation of the threaded shaft 16 1s not
transmitted to this joint ring 5a. Moreover, the outer periph-
ery of this joint ring 5a 1s slidable along the inner periphery
of a guide 3q of the main portion 3, and this joint ring 3a 1s
positionally set 1n the direction of the axis A by the threaded
shaft 16.

Accordingly, the shaft 14 and the threaded shait 16 are
rotated by actuating the motor 15 of the wire relaxing unit
12. When the threaded shait 16 moves toward the proximal
end, the bendable portion 5 1s pulled toward the proximal
end, and the distal end portion 4 connected to the bendable
portion 3 1s also pulled toward the proximal end. The
distance between the distal end portion 4 and the threaded
shafts 10 can also be reduced 1n this manner.

Furthermore, 1n this embodiment, instead of the wire
relaxing unit 12 driving the nut 11 in the direction of the axis
A, the distance between the distal end portion 4 and the
threaded shafts 10 may be changed by allowing the wire
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relaxing unit 12 to set the nut 11 in a movable manner 1n the
direction of the axis A after positioning the nut 11 in the
direction of the axis A.

Referring to FIG. 7A, in this modification, the wire
relaxing unit 12 includes a positioning member 18 that sets
nuts 11 at predetermined positions in the direction of the axis
A, and a positioning releasing mechanism 19 that releases
cach nut 11 positioned by the positioning member 18.

The positioning member 18 1s formed of two plate com-
ponents (also referred to as “plate components 18 herein-
alter) that sandwich the nuts 11 1n the direction of the axis
A. As shown 1 FIG. 7B, the two plate components 18 each
have cutouts 18a each having a diameter smaller than the
diameter of each nut 11 and into which the corresponding
threaded shait 10 fits, and large-diameter holes 185 each
communicating with the corresponding cutout 18a¢ in a
circumierential direction centered on the axis A and having
a diameter larger than the diameter of each nut 11. Moreover,
the peripheral edges of the two plate components 18 are
fitted 1nto, for example, grooves formed circumierentially
around the inner peripheral surface of a tube serving as an
outer sheath for the main portion 3, so that the plate
components 18 are rotatable about the axis A while being
fixed 1n position 1n the direction of the axis A. As shown at
the left side of FIG. 7B, the two plate components 18 lock
the movement of the nuts 11 1n the direction of the axis A in
a state where the threaded shafts 10 are fitted 1n the cutouts
18a, whereby the positioning member 18 positions the nuts
11 1n the direction of the axis A.

The positioming releasing mechanism 19 includes a
manipulable section 19a that is rotated by the surgeon Y at
the proximal end of the main portion 3, and a shaft 1956 that
1s disposed 1n alignment with the axis A, connects the two
plate components 18 to the manipulable section 19a, and
transmits rotational motion about the axis A generated via
the mamipulable section 19a to the two plate components 18.
The shait 195 has super-elasticity corresponding to the
flexibility of the main portion 3. When the surgeon Y rotates
the manipulable section 194, the two plate components 18
rotate about the axis A, causing the threaded shafts 10 fitted
in the cutouts 18a to move to the large-diameter holes 185,
as shown at the right side of FIG. 7B. In the large-diameter
holes 1854, the threaded shafts 10 and the nuts 11 become
movable 1n the direction of the axis A.

Therefore, after rotating the manipulable section 19a, the
surgeon Y may push the shafts 8 of the pulling mechanisms
7 toward the distal end from the proximal end of the main
portion 3 so as to reduce the distance between the distal end
portion 4 and the threaded shafts 10, thereby simultaneously
relaxing the four wires 6.

In this embodiment, the wire relaxing unit 12 1s config-
ured to convert rotational motion generated by the motor 15
into linear motion and transmit the linear motion to the nut
11. Alternatively, linear motion 1n the direction of the axis A
may be generated at the proximal end of the main portion 3,
and the linear motion may be directly transmitted to the nut
11.

Referring to FIG. 8, 1n this modification, the wire relaxing,
unit 12 mcludes a manipulable section 20 that 1s moved in
the direction of the axis A by the surgeon Y from the
proximal end of the main portion 3, and a flexible shait 21
that connects the manipulable section 20 to the nut 11 and
transmits linear motion of the manipulable section 20 to the
nut 11. Reference numeral 22 denotes a stopper that prevents
the nut 11 from moving toward the proximal end.

Accordingly, with a simple manipulation performed by
the surgeon Y for pushing the manipulable section 20 toward
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the distal end, the distance between the distal end portion 4
and the threaded shafts 10 1s reduced, whereby the four
wires 6 can be simultaneously relaxed.

In this embodiment, the surgeon Y actuates the wire
relaxing unit 12 manually when the surgeon Y determines
that a pulling mechanism 7 1s faulty. Alternatively, referring,
to FIG. 9, the manipulator 1 may include a fault detector 23
that detects a fault in a pulling mechanism 7.

The fault detector 23 includes, for example, a curvature
sensor 231 that detects the bending angle of the bendable
portion 5 and a fault determination circuit 232 that compares
the bending angle detected by the curvature sensor 231 with
a bending angle defined by a command signal transmaitted
from the control device 60 to each motor 9.

The curvature sensor 231 transmits the detected bending
angle of the bendable portion 3 to the fault determination
circuit 232. The fault determination circuit 232 receives the
command signal output from the control device 60 to the
motor 9. I a difference between the bending angle from the
curvature sensor 231 and the bending angle defined by the
command signal 1s larger than a predetermined threshold
value, the fault determination circuit 232 determines that the

pulling mechanism 7 to which the motor 9 belongs 1s faulty,
and transmits the determination result to the control device
60.

The curvature sensor 231 1s, for example, an optical fiber
that 1s disposed along the axis A 1n the bendable portion 5
and that 1s bendable together with the bendable portion 5.
The optical fiber 1s provided with notches 1n the outer
peripheral surface thereof at a plurality of locations 1n the
longitudinal direction such that, when the optical fiber 1s 1n
a bent state, light leaks from the notches. The amount of
light leakage 1s correlated with the bending angle of the
optical fiber. Therefore, the bending angle of the bendable
portion 3 can be detected on the basis of the amount of light
leakage from the optical fiber.

In place of the optical fiber, a wire sensor or an 1mage
sensor may be used.

A wire sensor includes a detection wire disposed substan-
tially parallel to the wires 6 of the bending mechanism and
detects the bending angle of the bendable portion 5 on the
basis of an amount of movement of the detection wire 1n the
direction of the axis A, which occurs due to the bending of
the bendable portion 5.

An 1mage sensor uses the camera 25 to acquire an 1mage
of a predetermined marker given to the surgical tool 26 and
analyzes the acquired image to detect the bending angle of
the bendable portion 3 on the basis of the photographed
angle of the marker.

As another alternative, the fault detector 23 may detect a
fault 1n a pulling mechanism 7 by using an electric-current
sensor or a distortion sensor 1n place of the curvature sensor
231.

An electric-current sensor detects an electric current tlow-
ing through each motor 9. If the electric-current sensor
detects an electric current that 1s excessively high or low
relative to the electric current that can flow through the
motor 9 1n the normal state, the fault determination circuit
232 determines that the corresponding pulling mechanism 7
1s faulty.

A distortion sensor measures stress generated in each
shaft 8. If the distortion sensor detects stress that 1s exces-
sively high or low relative to the stress generated 1n the shait
8 1n the normal state, the fault determination circuit 232
determines that the corresponding pulling mechanism 7 1s
faulty.
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In the case where a fault 1n a pulling mechamism 7 1s to
be detected automatically by the fault detector 23 1n this

manner, the control device 60 may execute a process for
relaxing the wires 6 1n accordance with a preset program, as
shown 1n FIG. 10.

Specifically, when the fault detector 23 detects a fault 1n
a pulling mechanism 7 (YES in step S1), the control device
60 activates a recovery mode (step S2). In the recovery
mode, the control device 60 first notifies the surgeon Y of the
fault (step S3).

The surgeon Y 1s notified by, for example, displaying a
warning message on the display unit 82, turning on a lamp,
or setting ofl a warning alarm. As an alternative to or 1n
addition to such a notification, the control device 60 may add
limitations to the manipulation of the manipulator 1 by the
surgeon Y, such as prohibiting control of the manipulator 1
by the surgeon Y wvia the mput unit 81 or delaying the
movement of the manipulator 1 by exerting a load on the
manipulation performed on the mput unit 81 by the surgeon
Y.

Subsequently, the control device 60 actuates the wire
relaxing unit 12 so as to relax the four wires 6 (step S4). In
this case, the control device 60 checks whether or not the
bending angle of the bendable portion 5 has properly
changed 1n response to the actuation of the wire relaxing unit
12 on the basis of the bending angle detected by the
curvature sensor 231 of the fault detector 23 (step S5). Then,
the manipulator 1 1s removed from the body (step S6).

Accordingly, a fault 1n a pulling mechanism 7 can be
detected more reliably, and the load on the surgeon Y can be
reduced. Alternatively, the surgeon Y may detect a fault 1n a
pulling mechanism 7 and manually activate the recovery
mode, and the process from step S3 to step S5 may be
performed automatically by the control device 60.

Second Embodiment

Next, a manipulator 1 and a surgical manipulator system
100 equipped with the same according to a second embodi-
ment of the present invention will be described below with
reference to the drawings. In this embodiment, description
of the configuration in common with the first embodiment
will be omaitted.

In the surgical manipulator system 100 according to this
embodiment, as will be described later, if the manipulator 1
1s faulty, the control device 60 1s configured to control the
entire surgical manipulator system 100 1n accordance with a
preset program.

In this embodiment, as shown at the left side of FIG. 11,
four sets of wires 6 and pulling mechanisms 7 are provided
and are spaced apart from each other at substantially equal
distances around a circumierence centered on the axis A. In
other words, the wires 6 and the pulling mechanisms 7 are
disposed 1 a 45°-rotationally-symmetrical arrangement
with respect to the axis A.

The pulling mechanisms 7 each include a shait 8 disposed
along the axis A, a motor (driver) 9 provided at the proximal
end of the shaft 8, a threaded shait (threaded shait member,
connector) 10 that 1s provided at the distal end of the shaft
8 and that 1s coaxial with the shaft 8, and a movable member
(connector) 31 that has a thread groove 31a with which the
threaded shait 10 1s engaged and that 1s fixed to the proximal
end of the corresponding wire 6. The pulling mechanisms 7
are accommodated within an outer tube, serving as an outer
sheath for the main portion 3, and are supported within a
second part 320 (which will be described later) of the outer
tube by a supporter 32 that supports the four motors 9.
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Each motor 9 generates a rotational force that causes the
corresponding shaift 8 to rotate about a central axis extending
in the longitudinal direction thereotf. When the shaift 8 rotates
in the forward or reverse direction, the corresponding
threaded shait 10 rotates in the forward or reverse direction
together with the shatt 8. Fach movable members 31 has a
columnar shape with a fan-shaped cross section, and the
thread groove 31a thereof 1s formed in the curved outer
peripheral surface that faces radially outward relative to the
axis A. With forward or reverse rotation of the correspond-
ing threaded shait 10, the movable members 31 advances or
retracts 1n the direction of the axis A relative to the main
portion 3.

Retferring to FIG. 3A, 1n an imtial state, the movable
members 31 are disposed at their initial positions so as to
cause the bendable portion 5 to extend substantially straight
along the axis A. When the movable members 31 advance or
retract 1 the direction of the axis A from their initial
positions, some of the four wires 6 are pushed out, whereas
the remaining wires are pulled, causing the bendable portion
5 to bend as shown 1n FIG. 3B. By adjusting the amounts of
pushing and pulling of the wires 6, the bending angle of the
bendable portion 5 can be controlled.

Furthermore, the manipulator 1 includes a combination
changing mechanism 33 that changes the combination of the
wires 6, the movable members 31, and the pulling mecha-
nisms 7 by rotating the pulling mechanisms 7 in units of
substantially 45° around the axis A relative to the wires 6 and
the movable members 31.

In detail, the outer tube of the main portion 3 has a first
part 310 that 1s fixed to the proximal end of the bendable
portion 5 and that partially accommodates the proximal ends
of the wires 6, and the second part 320 that accommodates
the pulling mechanisms 7. The combination changing
mechanism 33 1s formed of the second part 320 provided in
a rotatable manner about the axis A relative to the first part
310, and a motor (not shown) that rotationally drives the
second part 320.

When the second part 320 rotates, the pulling mechanisms
7 supported by the supporter 32 1n the second part 320 rotate
together with the second part 320. In this case, the threaded
shafts 10 move along the outer peripheral surfaces of the
four movable members 31 that constitute a cylindrical
surface centered on the axis A, causing the threaded shafts
10 to newly engage with the thread grooves 31a of movable
members 31 that are different from the movable members 31
previously engaged with the threaded shaits 10. Thus, the
combination of the wires 6 and the pulling mechanisms 7
connected to the wires 6 1s changed.

Furthermore, referring to FIG. 9, the manipulator 1
includes the fault detector 23 that detects a fault 1n a pulling
mechanism 7, as described 1n the first embodiment.

Next, the operation of the surgical manipulator system
100 equipped with the manipulator 1 having the above-
described configuration will be described.

With the surgical manipulator system 100 according to
this embodiment, 1 any of the pulling mechanisms 7
becomes faulty during the manipulation of the manipulator
1 such that the bendable portion 5 of the manipulator 1 does
not move 1n response to an input manipulation performed on
the mput unit 81 by the surgeon Y, the fault detector 23
detects a fault 1n the pulling mechanism 7. Referring to FIG.
12, when a fault 1s detected (YES 1n step S11), the control
device 60 activates a recovery mode (step S12) and executes
a process for setting the bendable portion 5 1n a state where
it 15 removable from the body by using normal pulling
mechanisms 7, as described below.
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In the recovery mode, the control device 60 first notifies
the surgeon Y of the fault in the same manner as the step S3
in the first embodiment (step S13).

Subsequently, the control device 60 drives the normal
pulling mechanisms 7 1n which a fault has not been detected,
moves the movable members 31 to their initial positions, and
returns the wires 6 to their initial states (step S14). In this
case, the control device 60 checks whether or not the
bending angle of the bendable portion 5 has properly
changed 1n response to the driving of the pulling mecha-
nisms 7 on the basis of the bending angle detected by the
curvature sensor 231 of the fault detector 23 (step S15).

Then, referring to FIGS. 13A to 13C, the control device
60 actuates the combination changing mechanism 33 to
rotate the second part 320 of the outer tube so that a normal

pulling mechanism 7 1s set at the position of the faulty
pulling mechamsm 7 (step S16). In FIGS. 13A to 13C, only

two sets of wires 6 and pulling mechanisms 7 are illustrated
to simplily the drawings. Subsequently, the wire 6 previ-
ously connected to the faulty pulling mechanism 7 1is

returned to its 1nitial state by the normal pulling mechanmism
7, as 1n steps S14 and S15 (steps S17 and S18). If faults 1n
multiple pulling mechanisms 7 are detected, the process
from step S16 to step S18 1s repeated multiple times. Thus,
all of the wires 6 are returned to their 1nitial states, causing
the bendable portion 5 to extend substantially straight along,
the axis A. In this state, the manipulator 1 1s removed from
the body (step S19).

When a pulling mechanism 7 1s faulty 1n a state where the
bendable portion 5 1s bent, the corresponding wire 6 cannot
be driven by using this pulling mechamsm 7, thus leaving
the bendable portion 5 1 a ngidly bent state. With this
embodiment, the faulty pulling mechanism 7 and a normal
pulling mechanism 7 are switched by the combination
changing mechanism 33 so that the wire 6 can be returned
to 1ts 1nitial state by using the normal pulling mechanism 7,
whereby the bendable portion 5 can be straightened out
again. This 1s advantageous in that the mampulator 1 can be
smoothly removed from the body.

In this embodiment, when a pulling mechanism 7 1s
taulty, the bending angle of the bendable portion 3 does not
change properly 1n response to an input manipulation per-
formed on the input umit 81 by the surgeon Y, and the field
of view of the camera 25 displayed on the display unit 82
does not move properly. Therefore, the surgeon Y can
readily recognmize a fault in the pulling mechanism 7. In light
of this, the surgeon Y may detect a fault in a pulling
mechanism 7 and manually activate the recovery mode by,
for example, pressing a switch (not shown).

In this embodiment, the threaded shaits 10 are disposed at
the outer side of the movable members 31 1n the radial
direction. Alternatively, as shown in FIG. 14, the threaded
shafts 10 may be disposed at the inner side of the movable
members 31 in the radial direction.

The degree of bending of the bendable portion 5 caused
by pushing and pulling of the wires 6 1s dependent on the
positions of the wires 6 1n the radial direction. Specifically,
the closer the connection position between the wires 6 and
the distal end portion 4 1s toward the outer side 1n the radial
direction, the amounts of pushing and pulling of the wires 6
required for bending the bendable portion 5 by the same
angle can be minmimized. Therefore, by disposing the pulling
mechanisms 7 at the inner side 1n the radial direction and
disposing the movable members 31 and the wires 6 at the
outer side 1n the radial direction, the bendable portion 5 can
be bent more efliciently.
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In this case, as shown 1in FIG. 14, each movable members
31 has a circular-arc cross-sectional shape centered on the
axis A, and the thread groove 31a 1s formed 1n the nner
peripheral surface thereot. With this configuration, when the
pulling mechanisms 7 are rotated about the axis A by
actuating the combination changing mechanism 33, the
threaded shafts 10 can be readily moved along the inner
peripheral surfaces 1 which the thread grooves 31a are
formed.

In this embodiment, the combination changing mecha-
nism 33 1s described as being configured to rotate the pulling
mechanisms 7 relative to the wires 6 and the movable
members 31. However, the movement of the pulling mecha-
nisms 7 when changing the combination 1s not limited
thereto. For example, the combination of the wires 6, the
movable members 31, and the pulling mechanisms 7 may be
changed by linearly moving the pulling mechanisms 7.

FIGS. 15A and 15B illustrate an example of the combi-
nation changing mechanism 33 that linearly moves the
pulling mechanisms 7. In this configuration, two sets of
wires 6, movable members 31, and pulling mechanisms 7
are provided at positions facing each other, with the axis A
interposed therebetween. The pulling mechanisms 7 each
include a lever 35 that i1s pushed and pulled 1n the direction
of the axis A, and a link mechanism 36 that converts
push-pull motion of the lever 35 into linear motion 1n a
direction orthogonal to the axis A so as to move the pulling
mechanism 7. In this configuration, the movable members
31 have thread grooves 31a in two surfaces that are engage-
able with the two threaded shaits 10.

Furthermore, although the drivers 9 are provided at the
proximal end of the bendable portion 1n this embodiment,
the positions of the drivers 9 are not limited thereto. For
example, the drivers 9 may be provided at the proximal end
of the manipulator 1.

Furthermore, although the manipulator 1 1s described as
being equipped with a camera 25 and a surgical tool 26 1n
the first and second embodiment, the camera 25 may be
omitted where necessary.

In addition, the following aspects are lead from the
individual embodiments described above.

A first aspect of the present invention 1s a manipulator
including an elongated main portion, a distal end portion
disposed at a distal end of the main portion, and a bendable
portion provided between the main portion and the distal end
portion; a plurality of linear members that are connected to
the distal end portion and that extend to the main portion via
the bendable portion; a power generator that generates
power; a plurality of power transmitters that are provided in
the main portion and that transmit, to proximal ends of the
linear members, the power generated by the power generator
as linear motion 1n a longitudinal direction of the main
portion; and a linear-member relaxing unit that relaxes the
plurality of linear members in which tension 1s generated
between the distal end portion and the power transmitters by
being pushing and pulling of the lincar members 1n the
longitudinal direction by the linear motion transmitted from
the power transmitters.

According to the first aspect of the present invention, the
power transmitters transmit, to the proximal ends of the
linear members, the power generated by the power generator
as linear motion. The linear members are pushed toward the
distal end or pulled toward the proximal end. This causes the
bendable portion disposed between the distal end portion
and the connectors to bend.

In this case, 1f a power transmitter 1s faulty, the linear-
member relaxing unit 1s actuated so as to relax the linear
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members 1n which tension 1s generated between the distal
end portion and the power transmitters and that are main-
taining the bent shape of the bendable portion, whereby the
bendable portion 1s set in a deformable state 1n accordance
with an external force. Consequently, even when the power
generator or the power transmitters 1s/are faulty, smooth
removal from the body 1s made possible, starting from the
distal end portion inserted 1n the body to the main portion.

In the first aspect described above, the linear-member
relaxing unit may cause the distal end portion and the
plurality of power transmitters to relatively move in the
longitudinal direction close to each other.

Accordingly, by actuating the linear-member relaxing
unit, the distal end portion and the power transmitters are
brought closer to each other so that the distance between the
distal end portion and the power transmitters becomes
shorter than the length of the linear members that connect
the distal end portion and the power transmitters. Conse-
quently, the plurality of linear members can be simultane-
ously relaxed.

In the first aspect described above, the linear-member
relaxing unit may include a supporting member that simul-
taneously supports the plurality of power transmitters and
that 1s movable together with the plurality of power trans-
mitters 1n the longitudinal direction relative to the main
portion, and a moving mechanism that moves the supporting,
member toward the distal end.

Accordingly, by actuating the moving mechanism, the
supporting member moves toward the distal end so that the
plurality of power transmitters move toward the distal end.
Consequently, the plurality of power transmitters can be
brought closer to the bendable portion.

In the first aspect described above, the linear-member
relaxing unit may include a supporting member that supports
a proximal end of the bendable portion, and a moving
mechanism that moves the supporting member toward the
proximal end.

Accordingly, by actuating the moving mechamsm, the
supporting member moves toward the proximal end so that
the distal end portion moves toward the proximal end
together with the bendable portion. Consequently, the distal
end portion can be brought closer to the power transmitters.

In the first aspect described above, the moving mecha-
nism may include a rotational-force generator that generates
a rotational force, and a power converter that converts the
rotational force generated by the rotational-force generator
into linear motion 1n the longitudinal direction and transmits
the linear motion to the supporting member.

Accordingly, with a simple configuration, the supporting
member can be moved in the longitudinal direction of the
main portion.

In the first aspect described above, the power transmitters
may each include a shaft member that 1s disposed in the
longitudinal direction 1n the main portion and that is rotated
about an axis extending in the longitudinal direction by the
power generated by the power generator, a threaded shaft
member that connects the proximal end of the corresponding
linear member to the shait member and that 1s rotated
together with the shaft member, and a nut member that 1s
engaged with the threaded shait member and that feeds the
rotating threaded shaft member 1n the longitudinal direction.

Accordingly, the power of the power generator 1s con-
verted from rotational motion of the shait members into
linear motion by the threaded shait members and the nut
members, and the linear motion 1s transmitted to the linear
members. Consequently, the linear members can be pushed
and pulled with a simple configuration.
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A second aspect of the present invention 1s a manipulator
including an elongated main portion, a distal end portion
disposed at a distal end of the main portion, and a bendable
portion provided between the main portion and the distal end
portion; a plurality of linear members that are connected to
the distal end portion and that extend to the main portion via
the bendable portion; a plurality of pulling mechanisms
provided in the main portion and having connectors that are
connected to proximal ends of the linear members, drivers
that generate rotational motion, and power converters that
convert the rotational motion generated by the drivers into
linear motion 1n a longitudinal direction and transmit the
linear motion to the connectors; and a combination changing
mechanism that changes a combination of the linear mem-
bers and the pulling mechanisms connected to the linear
members.

According to the second aspect of the present invention,
the rotational motion generated by the drivers 1s converted
into linear motion by the power converters, and the linear
motion 1s transmitted to the connectors. The linear members
connected to the connectors are pushed toward and pulled
away Irom the distal end portion, causing the bendable
portion disposed between the distal end portion and the
connectors to bend.

In this case, 1f any of the plurality of pulling mechanisms
1s faulty, the combination changing mechanism is actuated
so as to change the combination of linear members and
pulling mechanisms. Consequently, even when the pulling
mechanism 1s faulty in a state where the bendable portion 1s
bent, the faulty pulling mechanism can be replaced with a
normal pulling mechanism so that the bendable portion can
be substantially straightened out again, whereby the inser-
tion section can be smoothly removed from the body.

In the second aspect described above, the power convert-
ers may each include a shaft member that 1s disposed 1n a
longitudinal direction of the main portion and that 1s rotated
about a central axis thereof by the corresponding driver, a
threaded shait member that 1s coaxial with the shaft member
and that 1s rotated together with the shaft member, and a
movable member that has a thread groove engageable with
the threaded shaft member and that 1s provided at the
proximal end of the corresponding linear member 1n a
movable manner 1n the longitudinal direction. Each connec-
tor may be formed of the threaded shaft member and the
movable member.

Accordingly, since the linear members and the pulling
mechanisms become connected due to the engagement
between the threaded shaft members and the thread grooves
of the movable members, the attachment and the detachment
between the linear members and the pulling mechanisms can
be readily performed when changing the combination
thereof.

In the second aspect described above, the combination
changing mechanism may change the combination of the
linear members and the pulling mechanisms by moving the
pulling mechanisms relative to the linear members.

Accordingly, of the linear members and the pulling
mechanisms, since only a mechanism for moving the pulling
mechanisms 1s required, the configuration can be simplified.

In the second aspect described above, the main portion
may include a tubular outer tube having a first part that 1s
fixed to the bendable portion and a second part that is
provided at a proximal end of the first part in a rotatable
manner 1n a circumierential direction relative to the first part
and that accommodates the pulling mechanisms. The com-
bination changing mechanism may move the pulling mecha-
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nisms relative to the linear members by rotating the pulling
mechanisms together with the second part.

Accordingly, the pulling mechanisms can be moved with
turther simplified operation.

In the second aspect described above, a fault detector that
detects a fault 1n the pulling mechanisms may be further
provided. The combination changing mechanism may
change the combination of the linear members and the
pulling mechanisms when the fault detector detects a fault in
the pulling mechanisms.

Accordingly, the detection of a fault in a pulling mecha-
nism and the changing of the combination of linear members
and pulling mechanisms by the combination changing
mechanism can be performed automatically.

R.
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ERENCE SIGNS LIST

1 manipulator

2 1nsertion section

3 main portion

310 outer tube, first part

320 outer tube, second part

4 distal end portion

5 bendable portion

5a jo1nt ring

6 wire (linear member)

7 pulling mechanism

8 shait (shaft member, power transmitter, power converter)

9 motor (power generator)

10 threaded shatt (threaded shaft member, power transmit-
ter, connector, power converter)

11 nut (nut member, power transmitter, supporting member)

12 wire relaxing unit (linear-member relaxing unit)

13 moving mechanism

14 shaft (power converter)

15 motor (rotational-force generator)

16 threaded shaft (power converter)

17 nut (power converter)

18 positioning member

19 positioning releasing mechanism

20 manipulable section

21 shaft

22 stopper

23 fault detector

231 curvature sensor

232 fault determination circuit

24 light unit

25 camera

26 surgical tool

264 joint

31 movable member (connector)

31a thread groove

32 supporter

33 combination changing mechanism

35 lever

36 link mechanism

40 bed

60 control device

80 manipulation device

81 mnput unit

82 display unait

100 surgical manipulator system

X patient

Y surgeon
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The mnvention claimed 1s:

1. A manipulator comprising:

an elongated main portion, a distal end portion disposed
at a distal end of the main portion, and a bendable
portion provided between the main portion and the
distal end portion;

a plurality of linear members that are connected to the
distal end portion and that extend to the main portion
via the bendable portion;

a power generator that generates power;

a plurality of power transmaitters that are provided 1n the
main portion and that transmit, to proximal ends of the
linecar members, the power generated by the power
generator as linear motion 1n a longitudinal direction of
the main portion; and

a linecar-member relaxing unit that relaxes the plurality of
linear members 1n which tension 1s generated between
the distal end portion and the power transmitters by
pushing and pulling of the linear members in the
longitudinal direction by the linear motion transmitted
from the power transmitters;

wherein the power transmitters each include

a shait member that 1s disposed 1n the longitudinal direc-
tion 1n the main portion and that 1s rotated about an axis
extending 1n the longitudinal direction by the power
generated by the power generator,

a threaded shait member that connects the proximal end
of the corresponding linear member to the shaft mem-
ber and that is rotated together with the shaft member,
and

a nut member that 1s engaged with the threaded shaft
member and that feeds the rotating threaded shaft
member 1n the longitudinal direction.

2. The manipulator according to claim 1, wherein the
linear-member relaxing unit causes the distal end portion
and the plurality of power transmitters to relatively move 1n
the longitudinal direction close to each other.

3. The manipulator according to claim 2, wherein the
linear-member relaxing unit includes a supporting member
that simultaneously supports the plurality of power trans-
mitters and that 1s movable together with the plurality of
power transmitters 1n the longitudinal direction relative to
the main portion, and a moving mechanism that moves the
supporting member toward the distal end.

4. The mampulator according to claim 2, wherein the
linear-member relaxing unit includes a supporting member
that supports a proximal end of the bendable portion, and a
moving mechanism that moves the supporting member
toward the proximal end.

5. The manipulator according to claim 3,

wherein the moving mechanism includes

a rotational-force generator that generates a rotational
force, and

a power converter that converts the rotational force gen-
crated by the rotational-force generator into linear
motion in the longitudinal direction and transmits the
linear motion to the supporting member.

6. The manipulator according to claim 4,

wherein the moving mechanism includes

a rotational-force generator that generates a rotational
force, and

a power converter that converts the rotational force gen-
crated by the rotational-force generator into linear
motion in the longitudinal direction and transmits the
linear motion to the supporting member.




US 9,517,557 B2

17

7. A manipulator comprising:

an elongated main portion, a distal end portion disposed
at a distal end of the main portion, and a bendable
portion provided between the main portion and the
distal end portion;

a plurality of linear members that are connected to the
distal end portion and that extend to the main portion
via the bendable portion;

a plurality of pulling mechanisms provided in the main
portion and having connectors that are connected to
proximal ends of the linear members, drivers that
generate rotational motion, and power converters that
convert the rotational motion generated by the drivers
into linear motion 1n a longitudinal direction and trans-
mit the linear motion to the connectors; and

a combination changing mechanism that changes a com-
bination of the linear members and the pulling mecha-
nisms connected to the linear members;

wherein the power converters each include a shaft mem-
ber that 1s disposed 1n a longitudinal direction of the
main portion and that 1s rotated about a central axis
thereol by the corresponding driver, a threaded shaft
member that 1s coaxial with the shait member and that
1s rotated together with the shait member, and a mov-
able member that has a thread groove engageable with
the threaded shaft member and that 1s provided at the
proximal end of the corresponding linear member 1n a
movable manner in the longitudinal direction, and
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wherein each connector 1s formed of the threaded shatt

member and the movable member.

8. The mampulator according to claim 7, wherein the
combination changing mechanism changes the combination
of the linear members and the pulling mechanisms by
moving the pulling mechamisms relative to the linear mem-
bers.

9. The mampulator according to claim 8,

wherein the main portion includes a tubular outer tube

having a first part that 1s fixed to the bendable portion
and a second part that 1s provided at a proximal end of
the first part 1n a rotatable manner in a circumierential
direction relative to the first part and that accommo-
dates the pulling mechanisms, and

wherein the combination changing mechanism moves the

pulling mechanisms relative to the linear members by
rotating the pulling mechanisms together with the sec-
ond part.

10. The manipulator according to claim 7, further com-
prising;:
a fault detector that detects a fault 1n the pulling mecha-

nisms,

wherein the combination changing mechanism changes

the combination of the linear members and the pulling
mechanisms when the fault detector detects a fault in

the pulling mechanisms.
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